Freshwater flux (FWF) forcing-induced feedback has not been represented adequately in many coupled ocean-atmosphere models of the tropical Pacific. Previously, various approximations have been made in representing the FWF forcing in climate modeling. In this article, using a hybrid coupled model (HCM), sensitivity experiments are performed to examine the extent to which this forcing and related feedback effects can contribute to tropical biases in interannual simulations of the tropical Pacific. The total FWF into the ocean, represented by precipitation (P) minus evaporation (E), (P 2 E), is separated into its climatological part and interannual anomaly part: FWF Total 5 (P 2 E) clim 1 FWF inter . The former can be prescribed (seasonally varying); the latter can be captured using an empirical model linking with large-scale sea surface temperature (SST) variability. Four cases are considered with different FWF inter specifications: interannual (P 2 E) forcing [FWF inter 5 (P 2 E) inter ], interannual P forcing (FWF inter 5 P inter ), interannual E forcing (FWF inter 5 2E inter ), and climatological (P 2 E) forcing (FWF inter 5 0.0), respectively. The HCM-based experiments indicate that different FWF inter approximations can modulate interannual variability in a substantial way. The HCM with the interannual (P 2 E) forcing, in which a positive SST 2 (P 2 E) inter feedback is included explicitly, has a reasonably realistic simulation of interannual variability. When FWF inter is approximated in some ways, the simulated interannual variability can be modulated significantly: it is weakened with the climatological (P 2 E) forcing and is even more damped with the interannual E forcing, but is exaggerated with the interannual P forcing. Quantitatively, taking the interannual (P 2 E) forcing run as a reference, the Niñ o-3 SST variance can be reduced by about 12% and 26% in the climatological (P 2 E) forcing run and interannual E forcing run, respectively, but overestimated by 11% in the P inter forcing run. It is demonstrated that FWF can be a clear bias source for coupled model simulations in the tropical Pacific.
Introduction
The El Niñ o-Southern Oscillation (ENSO) is the most significant interannual variability mode in the tropical Pacific climate system. Studies of ENSO have made great progress, reaching the stage where long-lead-time forecasts can be made routinely using various coupled ocean-atmosphere models (e.g., Cane and Zebiak 1985; Barnett et al. 1993; Latif et al. 1998; Ji et al. 1998; Barnston et al. 1999; Kirtman et al. 2002; DeWitt 2005; Zhang et al. 2005 ; see the summary of model ENSO forecasts at the International Research Institute for Climate and Society Web site: http://iri.columbia.edu/ climate/ENSO/currentinfo/update.html).
However, systematic errors and large uncertainties still exist, with significant model tropical biases in simulation and prediction of ENSO (e.g., Chen et al. 2000; Large and Danabasoglu 2006; Wittenberg et al. 2006; Misra et al. 2008) . Extensive efforts have been made to identify the potential sources for tropical biases in coupled oceanatmosphere models. Previously, the roles of wind and heat flux forcing and feedback have been the main focus (e.g., Bjerknes 1969; Zebiak and Cane 1987; Jin and An 1999; Meehl et al. 2001) . Here, we consider the extent to which freshwater flux (FWF), another important atmospheric forcing to the ocean, can play a role in interannual biases often seen in coupled ocean-atmosphere models of the tropical Pacific.
Recently, physical understanding and modeling of the roles of FWF in climate variability have been significantly advanced. It has been demonstrated that FWF forcing and its related salinity fields can play an active role in maintaining the Pacific climate and its lowfrequency variability through its effect on the horizontal pressure gradients, the stratification, and the equatorial thermocline (e.g., Miller 1976; Lukas and Lindstrom 1991; Delcroix and Hénin 1991; Huang and Schmitt 1993; Sprintall and Tomczak 1992; Schneider and Barnett 1995; Vialard and Delecluse 1998; Kessler 1999; Maes 2000; Ballabrera-Poy et al. 2002; Lagerloef 2002; Levitus et al. 2005; Boyer et al. 2005; Huang et al. 2008; Cravatte et al. 2009 ). Previous modeling studies have been mostly conducted in forced ocean-only context. For example, sensitivity studies performed to examine the ocean response to a prescribed FWF perturbation have identified large effects on SSTs (e.g., Cooper 1988; Carton 1991; Reason 1992; Murtugudde and Busalacchi 1998; Yang et al. 1999; Mehta 2004, 2005; Fedorov et al. 2004; Huang and Mehta 2005) . When the atmosphere and the ocean are allowed to couple, new additional processes come into play since the FWF forcing-induced changes in SST can further feedback to the atmosphere. More recently, Zhang and Busalacchi (2009) examine the role of anomalous FWF forcing in interannual variability using a hybrid-coupled model (HCM) of the tropical Pacific. To represent feedbacks between interannual variations in FWF and SST in an interactive way, a simple prognostic model for interannually anomalous FWF is constructed empirically using a singular value decomposition (SVD) analysis (e.g., Bretherton et al. 1992) . When the covarying patterns of FWF and SST are incorporated in the HCM, a positive feedback is identified in the tropical Pacific. It has been demonstrated that FWF forcing can have a significant modulating effect on ENSO amplitude, acting to enhance interannual variability. Because of the positive feedback involved and the significant effects on interannual variability, FWF forcing needs to be taken into account adequately in diagnostic analyses and modeling studies for the tropical Pacific climate system. At present, uncertainties and biases in estimating precipitation P and evaporation E make it difficult to accurately represent FWF forcing in models. Various approximations to FWF are often made in many previous modeling studies. For example, some neglect the contribution of E to FWF (e.g., Zhang et al. 2006a) ; some include interannually anomalous P only (e.g., Vialard and Delecluse 1998) . As such, this forcing and related feedback can be misrepresented. In particular, FWF forcing has not been included in most simplified coupled ocean-atmosphere models used for ENSO simulation and prediction (e.g., Zebiak and Cane 1987; Barnett et al. 1993; Syu et al. 1995; Zhang et al. 2003 Zhang et al. , 2005 . On the other hand, comprehensive coupled general circulation models (CGCMs) can take into account this forcing, but the so-called double ITCZ problem is still a prominent tropical bias in many CGCM simulations, indicating that P has not been captured realistically over the tropical Pacific. As such, the FWF forcing-induced feedback can be misrepresented in these CGCMs. Another common practice in ocean modeling is the use of relaxation-type boundary conditions for sea surface salinity (SSS) and SST. While heat flux acts to damp interannual SST variability in the tropical Pacific, FWF actually tends to amplify variability of SSS and SST (Zhang and Busalacchi 2009 ). This indicates that the relaxation-type boundary conditions are not adequate in representing FWF forcing. Also, FWF adjustments are adopted in some coupled models in order to reduce systematic biases in SSS simulations.
Clearly, various approximations are often involved in representing FWF forcing in ocean and coupled oceanatmosphere models, including the neglect of interannual variability of E and/or P. As demonstrated in Zhang and Busalacchi (2009) , the FWF forcing-induced feedback presents a positive effect on interannual SST variability, in contrast to heat flux forcing, which indicates a negative feedback. It follows that if the ENSO-related FWF-SST feedback is not included adequately, a bias can be introduced in representing FWF forcing and related feedback, potentially leading to biases and errors in ocean simulations, which can be further amplified by air-sea coupling. However, the extent to which this atmospheric forcing causes biases in coupled models is not known. How does a misrepresentation in FWF forcing contribute to a bias in SST and SSS simulations in coupled ocean-atmosphere models of the tropical Pacific? How sensitive is the coupled ocean-atmosphere modeling of the region to correct interannual representations of FWF forcing? Are the biases induced significant in terms of ENSO simulations so that care should be taken adequately? What processes are involved in the FWF biasinduced effects?
In this article, we continue to investigate these remaining issues in more detail from a coupled oceanatmosphere modeling perspective. Previously, we have constructed an HCM consisting of an ocean general circulation model (OGCM) and an empirical atmospheric model for interannual wind stress variability (Zhang et al. 2006a) . As shown in Zhang et al. (2006a) , this HCM can reasonably well simulate interannual variability in the tropical Pacific associated with ENSO. However, large errors and biases still exist. In particular, it significantly underestimates SST variability in the eastern equatorial Pacific and SSS variability in the central basin. These systematic biases can also be found in other model simulations (e.g., Syu et al. 1995; Barnett et al. 1993; Latif et al. 2001 ), and remain a major challenge to short-term ENSO-related prediction studies. To identify sources for these errors and to improve simulations of SST and SSS particularly, extensive efforts have been taken, including an embedding approach to optimally represent the entrainment temperature T e and salinity S e of subsurface waters into the mixed layer (e.g., Zhang et al. 2006a,b) . Recently, based on understanding of the FWF forcing effects (e.g., Zhang and Busalacchi 2009) , it has been realized that FWF forcing is misrepresented in our previous HCM (Zhang et al. 2006a) . Here, as a test bed, we will use this HCM to illustrate the role of FWF forcing in tropical bias in interannual simulations of the tropical Pacific.
The paper is organized as follows. Section 2 describes the model and data used. Section 3 deals with model experiment design. A reference run is analyzed in section 4 to understand the role of anomalous FWF forcing in interannual variability, followed by sensitivity experiments in section 5 to demonstrate the links between interannual biases and the way anomalous FWF forcing is represented. The paper is concluded in section 6.
Model descriptions
We use a hybrid-coupled model of the tropical Pacific climate system (Fig. 1) . The HCM consists of a layer OGCM and a simplified atmospheric representation of FIG. 1. A schematic illustrating an HCM of the tropical Pacific climate system, consisting of an OGCM and a simplified atmospheric model, whose forcing fields to the ocean include three components: wind stress (t), heat flux (HF), and FWF. The total wind stress is separated into climatological wind stress (t clim ) and interannual anomaly (t inter ); the former is prescribed from observations and the latter is associated with interannual SST anomalies (SST inter ). The heat flux is calculated using the Seager et al. (1995) advective AML model. Similarly, the total freshwater flux can be written as: FWF Total 5 (P 2 E) clim 1 FWF inter , consisting of the prescribed climatological part, (P 2 E) clim , and interannual anomaly part FWF inter . Various approximations are made to FWF inter : anomalous P and E are both taken into account in the FWF inter calculation [FWF inter 5 (P 2 E) inter ], anomalous E only (FWF inter 5 2E inter ), anomalous P only (FWF inter 5 P inter ), and anomalous P and E are both not taken into account (FWF inter 5 0.0). Empirical submodels for t inter , (P 2 E) inter , E inter and P inter can be constructed from SVD analyses. In addition, E inter can also be calculated from the AML model as evaporative component of the heat flux. Buoyancy flux is calculated from the heat flux and freshwater flux to force a mixed layer model. The climatological SST fields (SST clim ) are specified from the spinup OGCM run forced by the t clim fields. The dashed lines indicate processes involved due to the FWF-induced effects.
three forcing fields to the ocean. Empirical models for interannual wind stress and FWF variability are constructed using SVD analysis techniques from historical data; heat flux is estimated using an advective atmospheric mixed layer (AML) model (Seager et al. 1995) . Thus, the HCM has three atmospheric forcings to the ocean: wind stress, heat flux, and freshwater flux. These are briefly described in this section, as well as observational and model-based datasets used to construct these empirical models. For more details, see Zhang et al. (2006a) and Zhang and Busalacchi (2009) .
a. An ocean general circulation model
The ocean GCM used is based on a reduced gravity, primitive equation, sigma coordinate model of Gent and Cane (1989) , which was developed specifically for studying the coupling between the dynamics and the thermodynamics of the upper tropical ocean. Several related efforts have improved this ocean model significantly (e.g., Chen et al. 1994; Murtugudde and Busalacchi 1998; Murtugudde et al. 2002) . The details of the OGCM used in this work can be found in Murtugudde and Busalacchi (1998) , Hackert et al. (2001) , Murtugudde et al. (2002) , Zhang et al. (2006a) , and Zhang and Busalacchi (2009) .
b. Atmospheric models for interannual variability
The atmospheric forcing fields to the ocean consist of three components ( Fig. 1 ): wind stress, heat flux, and freshwater flux. As mentioned above, heat flux is calculated using the AML model (Seager et al. 1995) . This heat flux parameterization allows for a realistic representation of the feedbacks between mixed layer depths (MLDs), SSTs, and the heat fluxes (e.g., Murtugudde et al. 1996; Murtugudde and Busalacchi 1998) . Two empirical feedback models for interannual variability of wind stress and FWF are constructed from historical data.
Various observational and model-based data are used for constructing the empirical models and validate model simulations. The observed SST data are from Reynolds et al. (2002) ; observed SSS data are from the in situ measurements in the tropical Pacific provided by the Institut de Recherche pour le Developpement (IRD)/ ECOP, France (e.g., Delcroix and Hénin 1991; Maes 2000; Ballabrera-Poy et al. 2002) . Data of wind stress, evaporation, and precipitation used to construct empirical models are from the ensemble mean of a 24-member ECHAM 4.5 atmospheric general circulation model (AGCM) simulations during the period 1950-99, forced by observed SST anomalies. The ECHAM4.5 AGCM is developed by the Max Planck Institute for Meteorology (MPI) and the European Centre for Medium-Range Weather Forecasts; see Roeckner et al. (1996) for details. Using the ensemble mean data from the ECHM4.5 AGCM is an attempt to enhance SST forced signals by reducing atmospheric noise. In addition, the preference of using the simulated P and E data from the ECHAM4.5 AGCM to satellite data is that the former has long time series consistently for the period 1950-99, while the latter can be strongly product-dependent (e.g., Xie and Arkin 1995) . In particular, satellite-based P analysis data are only available since about 1979.
1) A WIND STRESS (t) MODEL
The atmospheric wind stress model adopted in this work is statistical, specifically relating interannual wind stress variability t inter to large-scale SST anomalies SST inter . The t inter model is constructed from an SVD of the covariance matrix that is calculated from time series of monthly mean SST and wind stress fields (e.g., Syu et al. 1995; Chang et al. 2001) ; the more details of SVD analyses can be found in Bretherton et al. (1992) . In this work, we perform a combined SVD analysis for anomalies of SST, zonal and meridional wind stress components. To construct seasonally dependent models for t inter , the SVD analyses are performed separately for each calendar month (e.g., Zhang and Busalacchi 2005) , and so the t inter model consists of 12 different submodels, one for each calendar month. To achieve reasonable amplitudes, the first five SVD modes are retained in estimating t inter fields from SST anomalies. This wind stress anomaly model has been extensively used for coupled ocean-atmosphere modeling studies in the tropical Pacific by Zhang and Busalacchi (2005) and Zhang et al. (2003 Zhang et al. ( , 2005 Zhang et al. ( , 2006a .
2) DOMINANT VARIABILITY MODES FOR
E, P, AND (P 2 E)
The total freshwater flux considered in the HCM can be separated into two parts: FWF 5 (P 2 E) clim 1 FWF inter . The first is its climatological part, which is represented by the differences between climatological P (P clim ) and E (E clim ) fields, in which P clim is prescribed from observations (Xie and Arkin 1995) and E clim is calculated using the AML model from simulated SST and other specified atmospheric fields. The second part (FWF inter ) is concerned with interannual FWF variability associated with ENSO.
In the tropical Pacific, large interannual variations in E, P, and (P 2 E) have been observed during ENSO cycles, with their coherent relationships to SST (e.g., Xie and Arkin 1995; Yu and Weller 2007; Zhang and Busalacchi 2009 ). To determine their statistically dominant modes, SVD analyses of these respective fields with SST are performed. and for (P 2 E), E, and P. The SVD analyses are all performed during the periods 1963-96 (a total of 34 years of data) using SST data from Reynolds et al. (2002) , and anomaly data for (P 2 E), E, and P from the ECHAM4.5 ensemble simulations. Note that the spatial pattern of (P 2 E) does not look like (P) 2 (E), which can be caused by the fact that the corresponding SVD decomposition is made based on the covariance matrix that is calculated from normalized time series of monthly mean P, E, and (P 2 E).
(i) Evaporation (E)
As has been shown in the SVD analysis ( Fig. 2c ), E exhibits large interannual variations over the tropical Pacific in association with ENSO. A positive correlation exists with SST ( Fig. 2a) . During El Niñ o, a warm SST anomaly in the central and eastern tropical Pacific is accompanied by a positive E anomaly in the Central Basin. This pattern largely reflects an increased latent heat flux out of the ocean due to the ENSO-induced warming (e.g., Yu and Weller 2007) . During La Niñ a, a cold SST anomaly is associated with a negative E anomaly.
(ii) Precipitation (P)
Interannual variations in P are well documented in association with ENSO (e.g., Xie and Arkin 1995) . For example, during the development of El Niñ o events, deep convection and heavy precipitation are observed to shift eastward along the equator. In the Central Basin, P increases significantly (Fig. 2d ), but reduces moderately over the far western region (Fig. 2c ). La Niñ a conditions show a reversed pattern, including a deficit of P in the central equatorial Pacific.
(iii) Precipitation minus evaporation (P 2 E)
In the tropical Pacific, a coherent correlation exists between interannual variations in SST and FWF, as represented by P minus E. As indicated in their SVD analyses ( Fig. 2) , interannual variations in SST and (P 2 E) show coherent covariability spatial patterns (e.g., Zhang and Busalacchi 2009 ). Because of the dominance of P inter over E inter , anomalous (P 2 E) inter patterns are mainly attributed to those of P, with a small offset of E. For example, during ENSO cycles, (P 2 E) inter has been observed to undergo large interannual variations, with a coherent positive correlation with SST. During El Niñ o when SSTs are high in the central and eastern regions, both E inter and P inter are anomalously positive. The differences between P inter and E inter are positive (a freshwater gain into the ocean). When the tropical Pacific is in a cold condition during La Niñ a, P inter is reduced, accompanied with a negative E inter anomaly. The resultant (P 2 E) inter is anomalously negative but with a reduced amplitude (a freshwater loss from the ocean).
(iv) The SVD-based empirical models for E, P, and (P 2 E)
As detailed in Zhang and Busalacchi (2009) , using the derived spatial patterns of the SVD modes (Fig. 2) , anomaly feedback models can be constructed to statistically relate (P 2 E) inter , P inter , and E inter to large-scale SST anomalies. From the consideration of the sequence of the singular values and the reconstruction test of these anomaly fields from SST anomalies, the first two SVD modes are retained. Then, given an SST anomaly, variations in (P 2 E) inter , P inter , and E inter can be calculated correspondingly. Note that all these FWF-related empirical models are constructed from the SVD analyses that are performed during the period 1963-96 on all time series data irrespective of season; as a result, the constructed models are season-independent, one model for all seasons. Results indicate that the empirical models can well capture interannual (P 2 E) variability when the two modes are retained, which account for about 70% variance in the central and eastern tropical Pacific.
One obvious assumption with this empirical approach is that interannual FWF variability in the tropical Pacific is determined nonlocally by SST anomalies, which are dominated by ENSO signals. As illustrated from observations (e.g., Xie and Arkin 1995; Yu and Weller 2007) , interannual variations in SST are well correlated with P, E, and (P 2 E) over the tropical Pacific, with a dominant control of the former on the latter. Furthermore, as large SST anomalies are produced by ENSO, a response of FWF is quick and almost simultaneous. In particular, the temporal expansion coefficients of the SVD analyses clearly indicate that variations in FWF closely follow those in SST during ENSO evolution (Zhang and Busalacchi 2009 ). As a good indicator for changes in FWF induced by ENSO, the SST field can be used to construct an empirical model for interannual FWF variability. The other assumption is that, since the atmospheric fields, including P, E, and (P 2 E), are highly coupled with SST in the region, most of their variance can be explained by that associated with SST variations (i.e., the portion of variance not captured by coupled modes is relatively small). These arguments provide a physical basis for adopting empirical methods by which ENSO-induced interannual FWF variability can be reasonably well captured using a feedback model presenting its response to SSTs in the tropical Pacific.
c. Coupling procedure
As shown in Fig. 1 , the OGCM is coupled to two empirical submodels for interannual variability of wind stress and FWF, while the advective AML model is used to estimate heat flux. In the context of the HCM, the climatological fields are specified from observations, including wind stress t clim , P clim , solar radiation, cloud, and wind speed. The E clim is estimated using the AML model from simulated climatological SST of the OGCM and other specified atmospheric fields.
The coupling between the atmospheric components and the OGCM is as follows (Fig. 1) . At each time step, the OGCM calculates SSTs, which are averaged to obtain daily mean fields. The corresponding largescale SST anomalies (SST inter ) are obtained relative to its SST clim fields that are predetermined from the spinup OGCM run forced by observed t clim fields (monthly mean climatology SST fields are obtained but are temporally interpolated to daily fields for use in the coupling). The interannual anomaly fields (t inter and FWF inter components) are calculated using the corresponding empirical models from the SST anomalies. The FWF inter and t inter fields are updated every day from the corresponding large-scale SST inter fields; heat flux is calculated using AML model from model SST and is updated every time step. Interannual variations in solar radiation, cloudiness, and wind speed are not taken into account in the heat flux computation. Note that two methods can be used to calculate anomalous E (E inter ) one using the AML model as an evaporative component of the heat flux (E inter 5 E 2 E clim ), and other using the SVD-based empirical E inter model.
Model experiment designs
Previously, various approximations are often involved in representing FWF forcing in ocean and coupled ocean-atmosphere models, including the neglect of interannual variability of E and/or P (e.g., Zhang et al. 2006a; Vialard and Delecluse 1998) . The relationships between biases represented in FWF and those induced in SST and SSS simulations have not been clearly demonstrated in a coupled ocean-atmosphere modeling context of the tropical Pacific. In this article, four sensitivity experiments are performed with different FWF inter representations (Table 1) . In a case referred to as the interannual (P 2 E) forcing, interannual (P 2 E) variability is calculated using the empirical model (i.e., anomalous P and E are both taken into account in the FWF inter calculation) and is explicitly incorporated in the HCM. This SST-dependent, prognostic representation of FWF inter allows for an interactive feedback between FWF and SST during ENSO cycles. But in the other three cases, FWF inter is misrepresented somehow, giving rise to a bias in the FWF calculation. For example, the interannual E forcing is referred to as a run in which only E inter is taken into account in the FWF inter calculation; the interannual P forcing is referred as a run in which only anomalous P (P inter ) is taken into account; the climatological (P 2 E) forcing is for a run in which both anomalous P and E are not taken into account. When these approximations are taken, biases are induced in the representations of FWF forcing. For example, excluding an E inter contribution to FWF inter leads to the calculated FWF inter variability that can be exaggerated since the offset by E is not taken into account. On the other hand, neglecting a P inter contribution to FWF inter tends to reverse the sign of the calculated FWF inter patterns (i.e., FWF inter 5 2E inter ).
A simulation with interannual (P 2 E) forcing
A simulation is performed using the HCM in which the total FWF into the ocean is fully taken into account [i.e., FWF Total 5 (P 2 E) clim 1 (P 2 E) inter ]. Its anomalous part, (P 2 E) inter , is calculated using the SVDbased empirical model from large-scale SST anomalies. Thus, the evolving anomalous FWF patterns associated with ENSO (e.g., Fig. 2b ) are explicitly incorporated in the HCM. This interannual (P 2 E) forcing run represents the most realistic case in all HCM simulations we perform in this article.
As shown in Zhang and Busalacchi (2009) , the HCM can well simulate interannual oscillations with about a 4-year period. Examples are shown in Figs. 3-5 for simulated SSS and SST fields. SSS has largest variability around the eastern edge of the warm pool near the date line (Figs. 3-4) where the interannual FWF variability is also largest (Fig. 2b) . Associated with ENSO events, the SSS front moves back and forth along the equator. For instance, during El Niñ o, the fresh zone in the west extends eastward to the central basin (Fig. 3a) . Figure 6 schematically exhibits the FWF forcinginduced effects (Zhang and Busalacchi 2009 ). SSS and TABLE 1. The four model experiments designed in the article. The total FWF into the ocean can be written as: FWF Total 5 (P 2 E) clim 1 FWF inter . The climatological part is specified as (P 2 E) clim ; interannual anomaly part (FWF inter ) can be represented in four cases: interannual (P 2 E) forcing [FWF inter 5 (P 2 E) inter , the (P 2 E) inter run], interannual P run (FWF inter 5 P inter , the P inter run), interannual E forcing (FWF inter 5 2E inter , the E inter run), and climatological (P 2 E) forcing [FWF inter 5 0.0, the (P 2 E) clim run], respectively.
Names
Approximations made to FWF inter (P 2 E) inter Interannual (P 2 E) forcing: FWF inter 5 (P 2 E) inter P inter Interannual P forcing: FWF inter 5 P inter E inter Interannual E forcing: FWF inter 5 2E inter (P 2 E) clim Climatological (P 2 E) forcing: FWF inter 5 0.0
buoyancy flux Q B are parameters in the ocean that are influenced directly by FWF. The former is a state variable of the ocean that is controlled by the conservation equation of salt and is an important variable to determine the oceanic density field, which in turn influences the upper ocean stability and the vertical mixing at the base of the mixed layer. The latter, Q B , acts as a forcing field at the ocean-atmosphere interface which, together with heat flux and wind, controls the evolution of MLDs, which in turn affects the entrainment of subsurface cold water into the mixed layer. Here, Q B at the ocean surface can be defined as:
where HF is the net heat flux (positive into the ocean), FWF 5 (P 2 E) is the net freshwater flux (also positive into the ocean), other parameters are explained in Zhang and Busalacchi (2009 (Fig. 7) are characterized by a positive Q S anomaly (into the ocean; Fig. 7b ) and a negative SSS anomaly (a freshening; Fig. 7e ) in the central and western regions, accompanied with a shallow mixed FIG. 3 . Longitude-time sections along the equator of total SSS fields simulated from (a) the (P 2 E) inter run, (b) the E inter run, and (c) the P inter run. The contour interval is 0.1 psu.
layer in the western and central regions (Fig. 7f) , and negative Q T (Fig. 7d ) and Q B (Fig. 7c) anomalies. The FWF forcing tends to modulate these El Niñ o-produced anomaly patterns. The positive FWF anomaly (Fig. 7b ) has direct effects on SSS and Q B (Fig. 6) . The former acts to freshen the mixed layer in the central basin, which leads to a stable mixed layer. The latter, Q B , has direct effects on MLDs and the entrainment. As shown and described in Zhang and Busalacchi (2009) , interannual variations in Q B are positively correlated with Q T , but negatively with Q S (Fig. 7) . Since interannual variations in Q T and Q S are negatively correlated during ENSO cycles, their effects on Q B tend to be compensated for each other. In the eastern equatorial Pacific, Q T is a dominant contributor to Q B ; but in the central and western regions, Q S can also make a significant contribution to Q B (about 20%). Thus, as part of Q B , the positive FWF anomaly (Fig. 7b) acts to compensate for the negative Q T anomalies (Fig. 7d ), leading to a reduced negative Q B anomaly (Fig. 7c) . The decreased negative Q B anomalies (less negative because of the contribution of the positive Q S anomaly to Q B ; Fig. 7c ) tend to reduce MLDs, giving rise to less entrainment of subsurface water into the mixed layer. Thus the positive Q S anomaly directly acts to stabilize the upper layer and reduce the strength of the mixing and entrainment at the base of the mixed layer. These positive FWF anomalyinduced oceanic processes tend to warm SSTs in the central basin, leading to an enhanced warming during El Niñ o. The opposite anomaly patterns and involved processes can be seen during La Niñ a phase (Fig. 8) . The relationships between changes in SST and FWF indicate FIG. 4 . As in Fig. 3 , but for SSS anomalies. The contour interval is 0.1 psu.
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a positive feedback induced by FWF forcing during ENSO cycles. The amplifying effect of anomalous FWF forcing on SST is contrasted to the damping effect of heat flux on interannual time scales.
Model biases induced by misrepresented anomalous FWF forcing
As represented by a net difference, both anomalous P and E contribute to FWF variability. Because of their direct forcing effects on SSS and the compensating effects on Q B , these fields of P, E, Q T , and Q S need to be taken into account coherently and consistently in coupled ocean-atmosphere models. It follows that if interannual variations in P and E are not represented simultaneously, a bias is introduced in the FWF calculation, which can modulate ocean processes that affect SSTs and further influence the atmosphere. In this section, sensitivity experiments will be performed using the same HCM with the only differences being in the specifications of anomalous FWF ( Fig. 1; Table 1 ).
a. The interannual E forcing
When only E inter is taken into account in the FWF inter calculation (while P is kept to its climatology), the total FWF into the ocean can be approximated as FWF Total 5 (P 2 E) clim 2 E inter . This run is referred to as the interannual E forcing run or the E inter run.
Two methods can be adopted to calculate E inter . One is to use the AML model (E inter 5 E 2 E clim ), in which E clim is estimated from simulated SST clim and other FIG. 5 . As in Fig. 3 , but for SST anomalies. The contour interval is 0.58C. specified atmospheric climatological fields. This approximation to FWF has been adopted in our previous modeling studies (e.g., Zhang et al. 2006a; BallabreraPoy et al. 2007 ).
In this case, when the contribution of P inter is not taken into account, FWF inter is determined solely by anomalous E (i.e., FWF inter 5 2E inter ); a bias is introduced in calculating FWF inter . For example, during El Niñ o when P and E anomalies are both positive, their net differences should be positive in the central basin because of the dominance of P over E (i.e., an FWF gain from the ocean; Fig. 7b ). When taking E inter only for FWF inter while excluding the P inter contribution, the calculated FWF inter is artificially biased to be negative during El Niñ o (i.e., an FWF loss in the ocean instead). Thus, the sign of the FWF inter polarity is incorrectly reversed to be negative. Similarly, during La Niñ a, P and E anomalies are both negative, the resultant FWF inter should be negative (i.e., an FWF loss from the ocean; Fig. 8b ). When the contribution of a negative P inter anomaly to FWF inter is excluded, the calculated FWF inter is incorrectly reversed to be positive (i.e., a net FWF gain in the ocean). Therefore, this E inter forcing approximation to FWF inter acts to reverse the sign of FWF inter during ENSO cycles. As a result, the FWF inter induced feedback is also misrepresented to be negative. What are the effects on interannual variability simulations of SSS and SST in the HCM?
The HCM simulations are presented in Figs. 3-5. Although anomalous FWF is miscalculated and the FWF forcing-induced feedback is misrepresented to be negative in the HCM, the basic features of simulated interannual variability in this run are still similar to those in the (P 2 E) inter run, including the oscillation periods. This indicates that interannual variability associated with ENSO in the tropical Pacific is predominantly driven by the SST-winds-thermocline feedback.
However, significant quantitative differences exist. The effects on the mean ocean state and its interannual variability can be seen in the SST and SSS fields (Figs. 3-5 and Figs. 9-10 ). Although the OGCM and the SVDbased wind stress model have not been modified at all, the simulated interannual variability from the E inter run is diminished significantly, as compared to that in the (P 2 E) inter run. (Note that the stronger negative SST anomalies appear during the years 24-26 in the E inter run that can be attributed to initial adjustment of the coupled system to the imposed FWF forcing). For example, temporal variability of SSS is weak in the central basin (Figs. 3b and 4b) ; the east-west migration of the SSS front is not as strong as in the (P 2 E) inter run (Fig. 3b) .
The total SSS and SST fields are further compared in Fig. 9 for the two runs. SST in the central and eastern basin is high during El Niñ o but low during La Niñ a, while SSS in the western and central basin is low during El Niñ o but high during La Niñ a. The ranges of interannual SST and SSS variabilities in the E inter run are reduced compared with those in the (P 2 E) inter run. In particular, the E inter run shows no freshening in the central basin during El Niñ o since the El Niñ o-induced positive anomalous FWF is misrepresented to be negative in the central basin. The commonly used indices for Niñ o-3 SST, Niñ o-4 zonal wind stress, and Niñ o-4 SSS are further compared in Fig. 10 for the E inter run and the (P 2 E) inter run. Again, a systematic difference is evident. The ranges of these interannual anomalies in the E inter run are reduced during ENSO cycles. In particular, the amplitude of interannual SST anomalies is significantly underestimated in the eastern equatorial Pacific (Fig. 5b) . This indicates that the anomalous FWF forcing can have pronounced effects not only on SSS (directly) but also SST and winds (indirectly).
Some biases in the E inter run can be explained in terms of the FWF inter bias induced. As shown above, ENSOinduced FWF anomalies should be positive in the central and western regions during El Niñ o (Fig. 7b) , but negative during La Niñ a (Fig. 8b) . When these anomalous FWF patterns are reversed in the E inter run during ENSO cycles, large errors are induced in the HCM simulations. For example, during El Niñ o, FWF inter is misrepresented to be negative in the E inter run; the biased FWF inter forcing exerts direct effects on SSS and Q B in the central basin. The former results in less freshening in the surface mixed layer (e.g., the years 2031-32 in Fig. 9a) , which tends to enhance the vertical mixing of heat and entrainment at the base of mixed layer, leading to a decrease in SST in the central basin (e.g., the years 2031-32 in Fig. 9b ). At the same time, the artificially induced negative FWF inter acts to increase the amplitude of the negative Q B in the central region (i.e., becoming more negative), which leads to an increase in MLDs, with stronger entrainment of subsurface water into the mixed layer. These oceanic processes act to enhance their cooling effects on the surface layer in the central basin, reducing the warming produced by El Niñ o.
The situations for La Niñ a operate in an opposite way. Therefore, the FWF-induced oceanic processes in the E inter run act in such a way that the warming during El Niñ o and cooling during La Niñ a are weakened in the central basin, leading to a reduced interannual variability. Clearly, the E inter run has misrepresented the FWF-induced positive feedback to be negative in the HCM, acting to damp interannual SST variability. As a result, ENSO cycles are damped significantly in the E inter run.
The E inter can also be calculated using the SVD-based empirical model (Fig. 2c) . The effects are similar to those using the AML model shown above. That is, the FWF-induced positive feedback is artificially reversed to be negative and interannual variability is damped (figures not shown) . b. The interannual P forcing Next, we consider another approximation in which only P inter is taken into account in the FWF inter calculation [i.e., FWF Total 5 (P 2 E) clim 1 P inter ], referred as the P inter run. This approximation has been adopted previously in several forced ocean model simulations to examine the ocean responses to a prescribed precipitation anomaly (e.g., Reason 1992; Yang et al. 1999 ). Here we will examine the effects and the nature of the biases induced in a coupled ocean-atmosphere modeling context.
Based on the understanding of the FWF inter effects during ENSO cycle, some arguments can be inferred as follows. In the P inter run in which E is kept to its climatology and only P inter is included in the FWF inter calculation, the offset by E inter to P inter is not taken into account. This will lead to a bias in the FWF inter calculation. For example, during El Niñ o, P inter and E inter both exhibit a positive anomaly; the resultant (P 2 E) inter pattern is similar to P inter but with smaller amplitude because of the E inter offset. When the E inter contribution to FWF inter is neglected, the calculated FWF inter is positively overestimated during El Niñ o (i.e., an exaggerated positive FWF into the ocean). Similarly, neglecting the offset of a negative E inter anomaly during La Niñ a will lead to the calculated FWF inter that is negatively overestimated (i.e., more negative). Thus, without the offset by E inter contribution, the amplitude of the calculated FWF inter in the P inter run is overestimated during ENSO cycles (i.e., more positive in the central basin during El Niñ o and more negative during La Niñ a). This will lead to a larger positive feedback in the HCM. It can be inferred that interannual variability in the P inter run will be larger than that in the (P 2 E) inter run. This is indeed confirmed in the HCM experiments, as shown in Figs. 3-5. In the P inter run, the longitudinal displacements of the fresh-warm pool in the west are more pronounced in association with ENSO events (Fig. 3) . The exaggerated anomalous FWF forcing acts to enhance interannual SSS variability in the central region (Fig. 4c) , as compared to that in the (P 2 E) inter run (Fig. 4a) and in the E inter run (Fig. 4b) . Furthermore, the strengthening effect on interannual SST variability is also evident in Fig. 5 . In fact, the P inter run has largest interannual variability in all HCM runs performed in this article (Figs. 4-5) .
Oceanic processes and related effects are similar to those in the (P 2 E) inter run as analyzed above, but are opposite to those in the E inter run. For example, as compared with the (P 2 E) inter run, a more positive FWF anomaly during El Niñ o in the P inter run (without the offset by E inter ) leads to more freshening and more reduction in the negative Q B anomaly in the central equatorial Pacific. The freshening in the surface mixed layer acts to increase the stability of the upper ocean and restrict vertical mixing of the heat in the central basin. At the same time, a less negative Q B acts to lead to a mixed layer that is shallower, with less entrainment of subsurface waters into the mixed layer. These ocean processes tend to increase SSTs in the central region, which reinforces the warm SST anomalies produced by El Niñ o. As a result, both SSS and SST anomalies are enhanced while Q B anomalies are reduced. Situations during La Niñ a operate in a similar way but with opposite sense. As a result, the P inter run has a stronger feedback between SST and FWF, acting to enhance SSS and SST anomalies during ENSO cycles.
c. The climatological (P 2 E) forcing
Lastly, an experiment is performed in which both P and E are kept to their climatology without taking into account FWF inter in the HCM [FWF Total 5 (P 2 E) clim ]. This case has been examined in Zhang and Busalacchi (2009) . When FWF inter is not taken into account in the HCM, there is no interannually varying FWF forcing effects on SSS and Q B during ENSO evolution. The interannual FWF forcing-induced positive feedback is absent. As such, interannual variability in this case is expected to be weak compared with the (P 2 E) inter run. Furthermore, it can be inferred from the above analyses that in terms of the FWF forcing effects, the level of interannual variability in this run should be between the E inter run and (P 2 E) inter run. This is confirmed in Fig. 11 showing the equatorial distributions of the standard deviation of SSS and SST variability for the four experiments. Indeed, the simulated interannual variability is weakened in the (P 2 E) clim run since the positive feedback is excluded; it is even more damped in the E inter runs because the positive feedback is misrepresented to be negative; but it is exaggerated in the P inter run because the positive feedback is overestimated.
Discussion and conclusions
Many factors have been identified that can contribute to large model biases in simulation and prediction of interannual variability in the tropical Pacific oceanatmosphere system. Most previous modeling studies have focused on the roles of atmospheric forcing components of wind and heat flux to the ocean. FWF forcing and its related salinity variations have not been getting much attention; their effects and related feedbacks have been examined mostly in a forced ocean-only modeling context. When the ocean and atmosphere is coupled, changes in SSTs induced by FWF can affect the atmosphere, indicating the potential for its modulating effects on interannual variability. While FWF exerts no direct and immediate influence on SST, its variations can perturb SSS and Q B , which can further modify the oceanic density, MLDs, the mixing and entrainment, all of which affects SST, the principal oceanic quantity felt by the atmosphere. More recently, Zhang and Busalacchi (2009) have demonstrated that FWF forcing can have significant effects on interannual variability in the coupled ocean-atmosphere system of the tropical Pacific, involving a positive feedback between SST and FWF.
Large interannual FWF variability is observed in the tropical Pacific during ENSO evolution, with its coherent positive relationship with SST. The ENSOinduced FWF anomalies are positive in the central and western regions during El Niñ o, but negative during La Niñ a. If these anomaly patterns are not represented adequately, a bias is introduced in the FWF forcing, which can be transferred to model biases in the coupled ocean-atmosphere system. Previously, various approximations have been made to represent FWF forcing in coupled models. But the extent to which this atmospheric forcing plays a role in interannual biases has not been examined in a coupled ocean-atmosphere modeling context. Detailed processes are not clearly identified.
In this work, we address this issue from a coupled modeling perspective. We have designed various experiments to illustrate possible relationships between interannual biases and the way anomalous FWF forcing (FWF inter ) is represented in an HCM (Table 1) . The climatological FWF fields, as represented by (P 2 E) clim , are combined with various specifications of its anomalous part to estimate the total FWF. Four cases are considered (Table 1 ). The results indicate that the time evolution of SST in the four different runs is qualitatively similar. This is because wind forcing is of primary importance for dynamics of interannual variability in the tropical Pacific climate system, and that interannually anomalous FWF forcing only plays a modulating role.
However, the results also indicate that interannual biases in the HCM simulations can be clearly attributed to different FWF inter specifications. When the anomalous FWF forcing is explicitly included in the HCM, a positive feedback is represented between SST and FWF, giving rise to a reasonably realistic simulation of interannual variability. When the anomalous FWF part is approximated somehow, interannual variability is impacted since the FWF-induced feedback is misrepresented. When FWF inter forcing is not included as in the (P 2 E) clim run, a weakening effect is seen since there is no positive feedback represented. When the relationship between FIG. 12 . Horizontal distribution of the standard deviation for interannual SST variability: (a) the E inter run, (b) the (P 2 E) inter run, and (c) the P inter run. The contour interval is 0.1. The std is calculated from the corresponding HCM simulations for 25 years.
variations in SST and FWF inter is artificially reversed as in the E clim run, the induced feedback is misrepresented to be negative and correspondingly, interannual variability is damped significantly. On the other hand, if the feedback is overestimated as in the P inter run, a strengthening effect is found. These results indicate that anomalous FWF forcing can modulate interannual variability in a substantial way.
Figures 12-13 further show the standard deviation (std) of SSS and SST from these experiments. The corresponding observations for SSS and SST are presented in Fig. 14 , which is estimated during the periods 1969-95.
Large variability of SSS is located in the central basin near the date line while that of SST is in the central and eastern equatorial Pacific. Approximations in representing anomalous FWF forcing can lead to large changes in the strength of interannual variability (Fig. 11) . For example, the levels of simulated SSS and SST variabilities are directly related with the representations of FWF forcing-induced feedback. The stronger the feedback between SST and FWF, the larger the interannual variability simulated in the HCM. Since the P inter run is representing the strongest feedback between SST and FWF, its simulated interannual variability is strongest FIG. 13 . As in Fig. 12 , but for SSS.
among all these experiments, followed by the (P 2 E) inter , (P 2 E) clim , and E inter runs, respectively. Note that the HCM produces unrealistic spatial distribution of interannual standard deviation of SST along the equator, with its maximum around the date line and second maximum in the eastern Pacific (between 1208 and 1008W). This is different from observations ( Fig. 14b) , which show almost monotonically increased interannual standard deviation toward the east along the equator. The effect can be further quantified using the Niñ o-3 and Niñ o-4 standard deviation for some selected parameters (Table 2 ). For example, the std of Niñ o-3 SST (Niñ o-4 SSS) anomalies is 0.768C (0.16 psu) in the standard (P 2 E) inter run, 0.848C (0.18 psu) in the P inter run, 0.678C (0.11 psu) in the (P 2 E) clim run, and 0.568C (0.10 psu) in the E inter run. Relative to the reference (P 2 E) inter run, these values are representing an increase of 11% (13%) in the P inter run, but a reduction of 12% (31%) in the (P 2 E) clim run and of 26% (38%) in the E inter run. Thus, a significant fraction of the SSS and SST variability can be attributed to anomalous FWF forcing.
Physical processes involved in the FWF bias-induced effects can be illustrated as follows. As one component of the atmospheric forcings to the ocean, FWF directly forces changes in SSS, which modifies the oceanic density, the stability of the stratification and the vertical mixing. At the same time, as a part of Q B , FWF inter presents a compensating effect on heat flux. This acts to reduce interannual Q B variability, which in turn modulates MLDs and the entrainment of subsurface water into the mixed layer. All these oceanic processes influence SSTs, which in turn feed back to the atmosphere. Anomalies of SSS, MLDs, and SST in the ocean induced by FWF forcing and related feedback act to reinforce those originally produced by ENSO cycles.
Since significant model tropical biases are still prominent in prediction of ENSO in the tropical Pacific, there is a clear need to improve coupled models for better simulation of interannual climate variability. In addition to physical understanding, another motivation of this work is to see if interannual variability simulations can be improved in terms of the way anomalous FWF forcing is represented in the HCM. As mentioned above, FWF forcing has not been adequately taken into account in many coupled ocean-atmosphere models. explicitly included the FWF forcing (e.g., Zebiak and Cane 1987; Barnett et al. 1993; Zhang et al. 2003) . Since large FWF anomalies are observed during ENSO cycles and have direct effects on SSS and Q B , they can be a clear source for tropical biases. Here, we clearly demonstrate that the strength of interannual variability can be modulated in a substantial way by different representations of anomalous FWF forcing. Also, it is evident that the amplitude of the SST variability simulated by the HCMs can be easily tuned in terms of the strength of FWF forcing-induced feedback. For example, the weakness of SST variability in the eastern tropical Pacific is a common bias in many coupled models. Sensitivity experiments with different strength of FWF feedback indicate a clear effect on the SST simulation there. Thus, FWF forcing can be a clear source for model biases in the SST simulation and thus needs to be taken into account adequately. As demonstrated here, when the FWF forcing is taken into account in the HCM, SST variability can be increased significantly in the eastern equatorial Pacific cold tongue region. Clearly, an improved simulation in the eastern region can be achieved by taking into account this atmospheric FWF forcing adequately. Note, however, that including FWF feedback has not improved the unrealistic spatial distribution of interannual SST in the central basin (Fig. 12) . These results are also useful for other model improvements. Because of its important effect, FWF forcing needs to be taken into account explicitly in simplified coupled models, such as ICMs and HCMs. In this article, a simple empirical model is constructed to capture interannual FWF variability in the tropical Pacific, which provides an effective parameterization that can be used to take into account FWF forcing-induced positive feedback for simplified coupled models used for ENSO simulation and prediction (e.g., Syu et al. 1995; Barnett et al. 1993; Latif et al. 2001; Zhang et al. 2003) . It is expected that improved simulations of the ocean mean state and its variability (such as total SST and upwelling fields) can also have significant impacts upon simulations of other physical and biogeochemical parameters. 
